Release of lipopolysaccharide (LPS) (endotoxin) from bacteria into the bloodstream may cause serious unwanted stimulation of the host immune system. Some but not all antimicrobial peptides can neutralize LPS-stimulated proinflammatory responses. Salt resistance and serum stability of short antimicrobial peptides can be boosted by adding ␤-naphthylalanine to their termini. Herein, significant antiendotoxin effects were observed in vitro and in vivo with the ␤-naphthylalanine end-tagged variants of the short antimicrobial peptides S1 and KWWK.
L
ipopolysaccharide (LPS) (endotoxin) is the main constituent of the outer membrane of Gram-negative bacteria. The release of LPS from bacteria into the bloodstream during infection can cause serious unwanted stimulation of the host's immune system, leading to sepsis and septic shock in the patient (1, 2) . Neutralizing LPS using anti-LPS or anti-tumor necrosis factor alpha (anti-TNF-␣) antibodies has had only limited success (3) .
Antimicrobial peptides (AMPs) have been found in all living things and deeply studied in prokaryotic (4) and eukaryotic cells (5, 6) . AMPs were shown to play important roles in host innate defense (7, 8) . Three models, the barrel-stave model, the toroidal pores model, and the carpet model, have been widely described for the mode of action of antimicrobial peptides (4, 7) . AMPs can incorporate and disturb microbial membranes, and hence cause the death of them (9) . Owing to this mechanism, AMPs may become promising therapeutics to overcome the problem of bacterial resistances (10) . In addition, AMPs can act synergistically with current antibiotics to diminish bacterial resistance and reduce the amount of antibiotics (11, 12) . Some AMPs have been shown to bind to LPS and neutralize LPS-stimulated proinflammatory responses (13) (14) (15) . Related to this, different studies have shed light on AMPs with antiendotoxin properties (13, 14, (16) (17) (18) (19) (20) (21) (22) (23) (24) . However, the rules governing the design of AMPs with antiendotoxin properties are still not very clear (13) (14) (15) .
The potency of AMPs might be diminished under high-salt conditions (25) (26) (27) (28) (29) . To overcome this drawback, we developed a strategy to increase the salt resistance of Trp-and His-rich AMPs by replacing their tryptophans or histidines with nonnatural bulky amino acid ␤-naphthylalanine (30) . After which, we modified this strategy by adding ␤-naphthylalanine to termini of the short antimicrobial peptide S1 (Ac-KKWRKWLAKK-NH 2 ) to boost its salt resistance and serum proteolytic stability (31) . These studies allow us to hypothesize that ␤-naphthylalanine end-tagging may boost the antiendotoxin properties of short AMPs.
We designed and synthesized ␤-naphthylalanine end-tagged derivatives of S1 and KWWK. Antibacterial activities were determined by the standard broth microdilution method of the National Committee for Clinical Laboratory Standards. All MICs were measured in triplicate. All of the peptides studied demonstrated promising activities in the RPMI 1640 medium (LYM broth). However, the activities of S1 and KWWK-Nal were reduced or diminished under high-salt conditions. The MICs of S1-Nal-Nal, Nal-Nal-S1 (31), and KWWK-Nal-Nal were found to be effective (1.56 to ϳ3.1 g/ml) in LYM broth medium and high-salt conditions. Toxicities of the peptides were determined by measuring cell death using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay against human fibroblast (HFW) cells (32) . S1-Nal-Nal, Nal-Nal-S1, and KWWK-Nal-Nal all exhibit Ͻ10% or even no cell toxicity at 10 times their effective MICs (i.e., ϳ30 g/ml).
It has been reported that LPS aggregation promoted by polymyxin B and rBPI 21 might inhibit the interaction of LPS with its cell receptors and, hence, block cytokine production (17, 33) . Dynamic light scattering (DLS) was used to measure the size increase of LPS in the presence of S1 and its derivatives (17, 33) . LPS and peptides were diluted to 25 M in 20 mM sodium phosphate buffer with 150 mM NaCl at pH 7.4. The particle size of LPS in the absence or presence of peptides was detected on a Malvern Zetasizer Nano ZS (Malvern Instruments, United Kingdom). Figure  1A shows that S1 and its derivatives promoted LPS aggregation and increased its size (in the order S1-Nal-Nal ϭ Nal-Nal-S1 Ͼ S1 Ͼ S1-Nal). Similarly, the KWWK derivatives can induce the aggregation of LPS (in the order KWWK-Nal-Nal Ͼ KWWK-FNal Ͼ KWWK-Nal) (Fig. 1B) .
The ability of LPS neutralization in vitro was measured by a limulus amebocyte lysate (LAL) assay (Cape Cod Inc., USA) (19, 23) . Peptides at concentrations of 12.5, 25, 50, 100, or 200 g/ml were incubated with 5 endotoxin units (EU) of LPS in 96-well plates at 37°C. Fifty microliters of Pyrochrome reagent was added to each well, and the absorbance was measured at 405 nm by a microplate reader (PerkinElmer, USA). S1 had no LPS-neutralizing activity and S1-Nal had only a small effect. S1-Nal-Nal and Nal-Nal-S1 demonstrated dose-dependent LPS-neutralizing activities (Fig. 2) . While KWWK-Nal-Nal demonstrated substantial LPS-neutralizing activity, KWWK-F-Nal and KWWK-Nal demonstrated very small activities (Fig. 2) .
LPS can induce nitrite oxide production in macrophage cells (34) . Nitrite oxide production can be determined by the Griess method to detect nitrite (NO 2 Ϫ ) accumulation in a cultured medium (34) . Murine macrophage J774A.1 cells were seeded at a density of 2 ϫ 10 5 cells in 24-well plates. Cells were stimulated with 1 g/ml LPS in the presence or absence of peptides for 24 h. After incubation, 50 l supernatant was collected and mixed with an equal volume of Griess reagent and incubated at room temperature for 10 min. The level of nitrite oxide production was determined by measuring the absorbance at 540 nm on a microplate reader. S1 and its derivatives inhibited nitrite oxide production by LPS in a dose-dependent manner (in the order S1-Nal-Nal Ͼ Nal-Nal-S1 Ͼ S1-Nal Ͼ S1) (Fig. 3A) . For the derivatives of KWWK, the inhibitory effect is KWWK-Nal-Nal Ͼ KWWK-FNal Ͼ KWWK-Nal (Fig. 3B) .
TNF-␣ plays an important role in septic shock and is generally used as an indicator for this disease. Similar to the LPS-induced nitrite oxide production in murine macrophage J774A.1 cells, the release of TNF-␣ in cultured medium was quantified using mouse enzyme-linked immunosorbent assay (eBioscience) (34) . S1 and its derivatives inhibited TNF-␣ release (in the order S1-Nal-Nal Ͼ Nal-Nal-S1 Ͼ S1-Nal Ͼ S1) (Fig. 3C) . For the derivatives of KWWK, the inhibitory effect is KWWK-Nal-Nal Ͼ KWWK-FNal Ͼ KWWK-Nal (Fig. 3D) .
For the experimental mouse endotoxemia model, C57BL/6 mice were purchased from National Laboratory Animal Center (Taiwan). The weight of each mouse was approximately 20 g at the start of the experiments. Mice were divided into two groups (5 in each group with intraperitoneal [i.p.] injection of 18 mg/kg of body weight Escherichia coli O26:B6 LPS alone or 18 mg/kg LPS plus 10 mg/kg peptides). Blood was collected via tail vein 1.5 h after injection. Whole blood was centrifuged at 3,000 rpm at 4°C for 10 min, and supernatant was collected and measured by mouse TNF-␣ enzyme-linked immunosorbent assay (ELISA) kits (eBioscience). Serum TNF-␣ production increased dramatically in mice challenged with LPS (Fig. 4A) . Significantly lower levels of TNF-␣ were observed in mice treated with S1-Nal-Nal or KWWK-Nal-Nal (Fig. 4A) . Whereas LPS-challenged mice developed acute lung injury, pathological evaluation of the lung tissues confirmed the LPS-neutralizing effect on mice treated with S1-Nal-Nal and KWWK-Nal-Nal (Fig. 4B) . The advantages of this endotoxemic mouse model are that LPS is a relatively pure compound that can be reliably measured, and its use can easily be standardized to demonstrate the efficacy of the experimental antiendotoxin agents (35) . However, studies of some antisepsis agents that showed promise in the endotoxemia model failed in human clinical trials (36, 37) . These failures have been attributed to the endotoxemia model alone being unable to accurately represent many important aspects of human sepsis. Thus, additional animal models such as the surgical implantation models, the cecal ligation and puncture (CLP) models, and the colon ascendens stent peritonitis (CASP) models may be needed to demonstrate the clinical relevance of sepsis (35) .
Hydrophobicity has been known as a key factor in the development of effective LPS-neutralizing AMPs (15, 16, 38) . Studies of NK-2 and N-acylated lactoferricin-derived LF11 indicated that neutralization of the LPS surface charges is a requirement but is not sufficient for LPS detoxification (15) . A hydrophobic interaction would significantly increase LPS neutralization for AMPs (15) . Here, we describe a strategy to boost the antiendotoxin activities of short antimicrobial peptides by adding the bulky, nonnatural, hydrophobic ␤-naphthylalanine residues to the termini of short antimicrobial peptides. Based on LPS aggregation, LPS neutralization in vitro, inhibition of LPS-induced nitrite oxide and TNF-␣ production in murine macrophage cells, and suppression of TNF-␣ release in an endotoxemic mouse model, it has been demonstrated that the ␤-naphthylalanine end-tagged S1-Nal-Nal, Nal-Nal-S1, and the ultrashort peptide KWWK-Nal-Nal all possess high antiendotoxin activities. Tests of these modified peptides in septic animal models are ongoing in our laboratory.
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